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HYThfVE•• YCIY DIPACT fIMMU

troduction

Stu re t ,-.,,,event a summation of the research performed at

the brplosives Research Laboratory, Pittsburgh, Pa. in the field

of hypervelocity impact on thin iarget T s supported

by U. S. Amy Ordnance, Ballistic Research Laborat Aberdeen

Proving Cround, Md. It is submitted inn_ l.e f the regular quarterly

report, for the period arc, 1963 to May 31, 1963 and basically

oontains the infomation presented at the Sixth Hypervelocity Impact

Sympo.li held in Cleveland, Ohio April 30 through May 2, 1963.

The Imediate goal of the research is to obtain a complete de-

scription of the thin-plate perforation process within the limits

of available explosive project'rs. The bulk of the work to date has

been carried out with 2024-T3 aluminum as the target material; however,

other higher density target materials were used when required for

clarification of impact pressure effects. Four basic categories char-

acterize the results of target impact: primary target damage, the

number distribution of spall particles, the mass distribution of spae1

and the velocity of the ejecta formed during the perforation process.

406 6eV
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FROCEDURES AND DISCUSSION

I. Survey of Impaot Damage to Thin and Thick 2024-T3 Aluminum

The research was carried out with two basic explosive projector

systems, each of which ts characterized by a different projectile

mass. One projector, which will be referred to as Scale I, utilized

cylindrical steel projectiles having a mass of 0.0235 t 0.0005 gram.

The Scale I projectors can be further subdivided according to pro-

jectile velocities of 2.0 Ian/sec, 3.2 lIn/sec, and 4.0 hm/sec; the

latter two systems were developed by two of the authors (1)1/ while

associated with the Carnegie Institute of Technology. The projec-

tiles were 1/16 inch long and 1/16 inch in diameter; the 2.0 km/sec

and 3.2 1m/sec projectiles were fabricated from I(etos steel drill

rod of TIN 200; steel piano wire was used for the 4.0 km/sec pro-

jectile. The second projector, referred to as Scale II, provided

a velocity of 3.2 km/sec for a projectile 1/8 inch long and 1/8 inch

in dieneter, weighing 0.187 gram, made of Ketos steel. The velocity

range for the Scale II projectiles was increased by the use of an air-

cavity projector designed at the Ballistic Research Laboratories (2);

this projector propelled a 0.18 gram steel projectile at a velocity

of 5.0 km/sec.

Thick or quasi-infinite targets are defined here as targets of

such dimensions that no measurable change in final crater dimension

fUnerne numbers cin aaroentHeses refert o. ites in the list ofreferences at the end of this report.
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is affected by increasing the size of the target. In tests with

2024-T3 aluminum, it was found that targets having a thickness equal

to 3 to 4 times the crater depth and a surface area roughly 25 times

that of the crater satisfied these conditions within the accuracy

of the crater measurements. Since the research program was princi-

pally concerned with a description of behind-target effects, the

term "thin target" is generally applied to any target capable of

being perforated by a given poiojectile with a finite probability.

For 2024-T3 aluminum, target thicktnosses ranged from 3 to 4 times

the projectile lengths over the velocity rango investigated.

The .pertinent variables recorded for thick targets were crater

volume, crater depth, and crater diameter; for thin targets, they

were entrance and exit diameters of the perforation. In cases where

shock spallation was pronounced, the diameter of the spalled area on

the back surface of the target was also recorded. The manner in

which these variables are defined is illustrated in figure 1 where

"thin" and "thick" targets, impacted with Scale I1, 3.? km/sec

projectiles are shown.

The pertinent features of these measurements are presented in

figures 2 through 7 and can be summarized as follows:

(1) For thick targets, crater volume was found to be proportional

to the '¢inetic onergy of the projectile over the velocity range 2 1Im/sec

to 5 kum/sec. This is illustrated in figure 2 wherc crater volume per

unit projectile energy is plotted as a function of impact velocity.
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The apparent discrepancy for the Scale II projectiles can be attri-

buted to the fact that anpreciable front surface spallation occurred

in these two cases, giving rise to large uncertainties in the volume

determinations.

(2) At low impact velocities, the craters are narrow and deep

while at velocities approaching the sonic velocity of the target

material (5.1 km/sec) the craters approach a hemispherical shape.

This is shown in figure 3 where the ratio of the crater depth to the

crater diameter is plotted against the impact velocity. The volume-

energy dependency and the observation concerning crater shape are in

accord with the results of other investigations for the same range

of impact velocities (3,4).

(3) For thin targets having thicknesses in excess of approximately

1.5 times the projectile length, the perforation entrance diameter is

independent of target thickness; however, there is a noticeable de-

crease in entrance diameter for targets of lessor thickness. These

features are illustrated in figure 4 where the ratios of the entrance

diameters to the crater diameters are nilotted as functions of reduced

target thickness. Since, as illustrated in figure 5, the perforations

are nearly cylindrical, these comments also apply to the exit diameters.

The decrease in perforation entrance diameter with diminishing target

thichness has been observed for a variety of target materials (5); it

has been demonstrated that the perforation diameter for 2S-0 alumintun

approaches the projectile diameter for targats of thicknesses much less

than the projectile length. The results with 2024-T3 aluminum targets

show the same trend.
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The dependence of exit ailml diameter on target thickness is

illustrated in figure 6 where the ratio of the spall diameter to the

crater diameter is plotted as a function of reduced target thickness

for different impact conditions. The results show that, in general,

the spall diameter tends to increase with increasing target thicl-

ness over the velocity range investigated.

An important feature of these perforation studies is illustrated

in figure 7 where, from a practical point of view, the difference in

behavior between a thin target and a thick target is delineated. In

this plot the ratio T*/Pc is plotted as a function of impact velocity.

The variable T" is the target thickcness for which the expectation of

complete perforation by a given projectile becomes negligible; Pc is

the ci ter depth in a semi-infinite target. Values of T" for a given

projectile-target combination were estimated from the perforation

probabilities observed in targets having thicknesses of about T. No

attempt was made to statistically determine the values of T 4; however,

the values used in figure 7 are probably accurate within t 5 percent.

The results show that the ratio T"/Pc is a monotonically increasing

function of the impact velocity, reaching values in excess of 1.5 for

impacts in the 4.0 to 5.0 km/sec region. The significance of this

observation is that the magnitude of crater depths in semi-infinite

targets does not even closely approximate the penetration capabilities

of the projectile through thin targets.
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IL. Number Distribution

The term "number distribution" refers to the manner in which the

spall particles, produced by projectile-target impacts, are spatially

distributed behind the target. The experimental technique for deter-

mining the distribution is illustrated in figure 8. A witness foil,

consisting of l-mil thick aluminum supported by a backing of fiber-

board, was located 6-1/2 inches beyond the target. The witness foil

indicated the direction in which individual spall particles were

propelled.

For purposes of analysis, the witness foil was mapped out in a

family of concentric circles whose origin is located on a line through

the perforation and normal to the targbt surface. The number of per-

•forations, found in an element of area, A r A0, were counted and

weighted by the reciprocal of the intercepted solid angle element, All.

The weighted count thus has the dimensions - number of fragments per

unit solid angle and may be interpreted as representing the population

density for a particular solid angle element. The total number of

particles (N) is a function of the target thickness, the projectile

velocity, and the projectile scale size. A complete reduction of all

data at normal incidence is possible if the population density for each

. I ANimpact data set is multiplied by the factor j. Thus, the term •--)
expresses the density of a given element of solid angle as a fraction

of the total population.
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Number distributions have been determined for impacts on var-

ious thicknesses of 2024-T3 aluminum targets with both Scale I and

Scale II projectiles over the velocity range 2 km/sec to 5 km/sec.

These data are presented in figure 9 which shows - (t.r) vs n where

Sis a measure of the radial distance from the center of impact.

Each data set is an average of several target thicknesses because the

distributions for individual target thicknesses did not vary more

than the experimental error. Within reasonable limits, the six data

sets define one curve; the significance of this is that the percentage

of the total number of spall particles found in corresponding elements

of space is independent of projectile scale size, target thickness,

and projectile velocity. The data for 3.2 kim/sec, Scale I projectiles,

are from an earlier paper (5); in this work, the normalized distri-

butions for 2024-T3 aluminum, 2S-o altominum, magnesium, and lead were

found to be essentially the same. Another significant feature of the

data deals with the distribution for spall particles having higher

penetration capabilities. Data points for these superior particles

are identif.i.ed by stars and are shown to fit the curve as well as any

other data point sct. The superior group was separated from the aggre-

gate group by filtering out the inferior particles with an additional

7 mils of aluminum foil; about 20 percent of the total population

penetrated the filter.

The experimental technique, r-entioned earlier, involved count-

Ing holes in witness targets and did not provide a distinction between
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projectile remnants and target spell particles. The desirability

of establishing separate distributions for the two types of particles

required analyses by a somewhat more time-consuming technique. A pan

of gelatin was substituted for the aluminum witness foil; the gelatin

layer was cut, after the impact event, into concentric, annular rings

hnd each ring of gelatin was then dissolved in hot water and the in-

dividual particles recovered by filtration. The projectile remnants

(steel) are separated magnetically from the target particles (aluminum)

and counted. Distribution curves from tests using this technique are

shown in figures 10 and 11 for the number of target spall particles and

number of projectile remnants respectively.

The two figures show data for three different projectile param-

eters and illustrate several important points: (1) the percentage of

the total number of target spall particles or total number of projec-

tile remains found in a given space element is independent of projectile

scale size, projectile velocity, or target thickness; (2) compared to

the projectile remains, the target spall particles have a greater tend-

ency to be radially dispersed.

Another interesting feature of theso data is the effect of pro-

jectile scale size upon the total number of particles produced. The

effect is shown in figure 12 for Scale I and Scale II projectiles im-

pacting various thicknosses of 2024-T3 aluminum targets at 3.2 Ian/sec.

The figure is a plot of ( vs- where N is the total number of
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target spal1 fragments, t is the target thickness, L is the length

of the projectile, and k is a constant such that kL I 1 for the

smaller scale size projectile. This treatment is intended to bring

the Scale II data points into coincidence with corresponding Scale I

data points. The fact that the second power of kL tends to accomplish

this purpose demonstrates that there is a strong tendency for the total

number of target spall particles to vary directly with the area of the

projectile; this is the case, however, only if the ratio of target

thicltness to projectile length remains constant.

A somewhat similar treatment is used to demonstrate the scaling

effect for the number of projectile remnants produced. These data are

presented in figure 13 which shows Vs where N, in this

case, is the total number of projectile remnants. The interpretation

here is that the number of Projectile remnants produced varies

directly with the volume of the projectile, providing the tar get thick-

ness is scaled with a linear dimension of the projectile.

Data associated with the distributions of numbers of spall par-

ticles resulting from oblique impacts on targets have also been ob-

tained. Although a number of significant features of the phenomena are

evident, the oblique impact data do not permit as simple an interpre-

tation as data from norhal impacts. The added complexities are

understandable inasmuch as the center of spall impact does not lie on

a lire beneath the perforation perpendicular to the target nor on the

original line of flight of the projectile; it is found to lie between
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these two extremes. Hence, the distribution of particles, in terms

of the target-witness geometry used for normal impacts, is not in-

dependent of the azimuthal coordinate 0 (see figure 8).

The dependence of spall numbers upon the coordinate 0 is illus-

1 ANtrated in figure 14 which is a plot of W vs 0 and may be inter-

preted as representing the percentage of the total number of particles

found to reside in indicated intervals of the angular coordinate .

The plot is for data obtained from Scale I projectiles impacting

targets at 60 degrees obliquity ( a - 60 degrees). Projectile veloc-

ities were 2.0 km/sec, 3.2 km/sec, and 4.0 km/sec. The data were

averaged for several target thicknesses since, again, a target thick-

ness effect was not apparent. Several significant features of the

data are evidentl (1) The spall particles are not dispersed symmet-

rically about the origin of circles on the witness foil (point 0 in

figure 8); rather, the center of spall impact is displaced radially

outward along 0 - 0 (in the azimuthal direction corresponding to the

line of flight of the projectile). (2) The density of spall particles

is maximum along 0 - 0 and diminishes progressively and symmetrically

in both the positive and negative angular directions removed from the

- 0. (3) The percentage of the total number of spall particles

found in any given element A 0 is independent of target thickness and

projectile velocity. A similar independence for 2S-0 aluminum, 24S-0

aluminum, and 2024-T3 aluminum for one projoctile system (3.2 km/sec,

Scale I projectile) was demonstrated earlier (_).
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The displacements of the centers of spall impact an a function

of both impact angle and target thickness are plotted in figure 15.

The figure is a plot of displacement angle (01 ) vs impact angle ( a)

with target thickness as a parameter; displacement angle is a measure

of the displacement of the center of spell population from point 0.

The Scale I, 4.0 k1m/see projectile, was used to impact 1/32, 1/16,

3/32, and 1/8-inch thick 2024-T3 aluminum targets at 50, 60, and 70

degree impact angles. Target thicknesses are specified relative to

the projectile length. An added feature of the plot is that centers

of spell populations for the ten percentile group of particles having

higher penetration capabilities are shown plotted separately. These

data are identified by the designation - 10 percent; the aggregate

groups are identified by the designation - 100 percent. Significant

features of the plot are as follows: (1) the displacement angle in-

creases with the impact angle up to impact angle values of between

50 degrees and 60 degrees after which a decrease In displacement angle

is noted for further increases in impact angle; (2) displacement angle

is always less than impact angle; (3) there is a tendency for the ten

percentile group to have lower displacement angles; however, the differ-

ence is small and fnr practical purposes they are interpreted to be the

same as those for the aggregate group.

It would seem desirable to make a short comment regarding the

peculiar behavior noted in (1) above where displacement angle was found

to decrease for values of impact angle greater than about 60 degrees.

It is believed that the axis for the envelope of projectile remains and

associated target particles flowing through the perforation in the target

is different from the axis of target spell produced by shock interactions.

Ii
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The interplay of two such distinct distributions could conceivably

cause displacement angle to be a double valued funcetion of impact angle.

III. Mass Distribution

Mass distribution refers to the manner in which the mass con-

tained in the spall envelope is spatially distributed. The collection

agent was gelatin, and the data were derived from the Same shots used

to determine separate particle population distribution for target spall

and projectile remnants. The data are presented in two plots of figures

16 and 17 which show- vs 91 for the target spall mass and the mass

of projectile remnants respectively. The plots contain three data

point sets representing Scale I, 3.2 km/sec, Scale I, 4.0 km/sec, and

Scale II, 3.2 km/sec projectiles that impacted on various thicknesses

of 2024-T3 aluminum targets at normal incidence. Individual data

points represent an average for several target thicknesses. Signif-

icant features of both plots may be summarized as follows: (1) Both

distributions are qualitatively similar to the number distribution

plots presented earlier, i.e., maximum density is observed at the center

of spall impact and decreases radially outward; (2) the mass distri-

bution for projectile remnants differs from the one for target spall

particles in that the former shows a substantially greater percentage

of the mass distributed nearer the center of spall impact; similar

behavior existed for the number distribution data; (3) the percentage

of the total amount of mass (target material or projectile remnants)
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found in any given space element is independent of target thickness 1

projectile scale size, and projectile velocity; (4) from (1) and (2)

it may be concluded that particle size is not particularly dependent

upon the space coordinates.

Another set of plots, figures 15 and 19, is presented to in-

dicate reasonable scaling laws for the total mass contained in the

envelope of material behind thin targets. The graphs show

plotted against - for the total target sna3l1 mass and the mass of

projectile remnants respectively. The power of the quantity (kL)

is three in these instances and indicates that the total spall mass

is proportional to the volume of the projectile providing the target

thickmess is scaled with the linear dimensions of the projectile.

The plots also show that the target spall mass increases with target

thickness providing one does not closely approach the aiaximiw pene-

tration capability of the projectile; the mass of recovered projec-

tile remains, howrever, is independent of target thickness at this

particular velocity (3.2 km/soc).

Figure 20 shous the effect of target thickness on spall particle

size. The plot is presented in terms of the reduced variables I x
t 1

mass/number vs -j. The first power of is the proper reducing

factor betreen those Scale I and Scale II inpact data because it has

been sho~n that treatment of the mass data involved the third power

and the number data the second power of this factor. It should also

be pointed out that the values are unweighted average measures of

I J
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spall particle size because total mass has simply been divided by

total number. Individual data point sets are shown for impacts with

3.2 km/see Scale I, 4.0 km/seo Scale I, and 3.2 km/sec Scale II pro-

jectiles. The character of the plot is Interesting from several view-

points: (1) The average size (mass/particle) of the target spall

particles increases drastically with increasing target thickness; the

increase amounts to almost an order of magnitude forl values ranging

from one to three. The change in spall mass and spall numbers with

increasing target thickness are in the proper direction for maximum

increase in particle size, i.e., spell mass increases while spall

numbers decrease. (2) Average spell particle size is proportional

to the first power of the scale factor; hence, the Scale II projec-

tiles produce spell particles which are, on the average, twice the

size of those produced by Scale I projectiles. (3) The Scale I,

4.0 km/sec data have been included in this plot merely to show that

target thilckness effect is much more pronounced than the effect from

the indicated change in velocity; it is conceivable, however, that a

significant velocity effect might be observed if the projectile ve-

locities were substantially different.

IV. Velocity Distribution

The experimental effort directed toward a description of the

velocity distribution of the material ejected from thin plates was

limited by the small scale size of the projection systems used. No
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single experiment has proven adequate for this purpose and, as a

consequence, several velocity measuring techniques have been employed.

A dual-channel flash X-ray system has been successfully applied to the

problem of determining the residual velocity of the emerging projectile

material. These measurements coupled with target impulse studies, with

a ballistic pendulum, have led to values of total target-spall momentum.

A recently developed framing camera technique has proven satisfactory

for determining the velocity spectrum of the combined projectile and

target spall particles produced by a variety of impact conditions. In

this technique, the target spall particles and projectile remains are

directed toward a thin aluminum foil viewed by the framing camera.

The side of the foil away from the camera is uniformly illuminated by

means of an exploding wire used in conjunction with a diffusion screen.

When the particles puncture the foil, the event is recorded in the

framing camera sequence as a bright flash. The time of occurrence of

this event relative to the time of target impact and the distance be-

tween the target and the witness foil are then used to calculate an

average velocity for each particle observed. By an appropriate choice

of framing rate the entire velocity spectrum can be mapped.

The results of the investigations carried out in this area are

graphically shown in figures 21 through 29; when considered in their

entirety they lead to certain conclusions. The formula
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rV 2 0 2k2 1-t Tar \~ 1/Vr 0 2 1

where z - instantaneous depth in the target;

vr 0 residual fragment velocity;

Af - cross sectional area of impacting fragment;

mf - mass of impacting fragment;

vo - initial fragment velocity;

Pt - target density;

k u target strength factor

derived from previous work with 3.2 ki/sec, Scale I projectiles (G)

is found to be applicable when the projectile scale size is varied.

This is illustrated in figure 21 where the measured values of vr for

both Scale I and Scale II projectiles are plotted as a function of

target thickmess; a curve calculated from the above formula using the

same value of the strength constant kc is also shown.

Furthermore, by reasoning that any net impulse transferred to

the target, per so, is due to the forces associated with the strength

term, k, the residual velocity formula can be used to predict target

impulse by first calculating the total momentum lost by the projec-

tile in perforating a given target thickness, z, and then deducting

from this value the momentum loss associated tith the fluid term in

the equation, i.e., k - 0. This method was used to obtain the values

represented by the curve which is presented in figure 22 along with
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FIGURE 21.-Residual Projectile Velocity as a Function of Target Thickness.

80,000

E "u 0 -0 mf Vo

6,000- Residual projectile M

I" Masuedaleof impulse for
3.2 km/sec;Scalel4,000- impacts.0.oo

* U Calculated

2,000-

2 3 4
TARGET THICKNESS

PROJECTILE LENGTH

FIGURE 22.- Comparison Between Measured and Calculated Values of Target
Impulse.
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measured values of target impulse obtained from ballistic pendulum

measurements. The agreement between the measured value and the value

calculated on the basis of the above model is very good; however, it

should be emphasized that the model is based on the assumption that

the projectile suffers little deformation during the perforation pro-

cess. Flash radiographs indicate that this assumption is no longer

valid for steel-aluminum impacts above 4 kM/sec.

There is, under certain impact conditions, appreciable momentum

associated with the material splashed from the front surface of thin

targets; consequentlyp a simple measure of target impulse and a knowl-

edge of projectile momentum is not sufficient for specifying the

momentum of the material carried through the target. Stanyukovich

has proposed that above a certain critical velocity the momentum de-

livered to a targot structure is simply related to the kinetic energy

of the impacting projectile (7).

Specificallyp he equates:

BEoJ

where J - total normal impulses

-0 - projectile energy;

- target strength;

D - coefficient of proportionality.

A limited number of tests with aluminum, lead, copper, and

cadmium tend to substantiate the above formulation. These results
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are presented in figure 23 where the ratio of the total target im-

pulse to the impacting projectile momentum is plotted as a function

of reduced Impact velocity for a variety of impact conditions, On

the assumption that a represents the shear strength of the target,

the above formula can be rewritten as:

JO 2,/- vs

where J - total normal impulse;

Jo - projectile momentum;

v0 - impact velocity;

Pt - target density;

v. - shear wave velocity;

B - coefficient of proportionality.

JThus, the ratio -o is a linear, function of impact velocity reduced

by AP vs* .When plotted in this form the data indeed show this

linear dependence.

In terms of the thin targets, an interesting and important aspect

of the momentum excess phenomenon is illustrated in figure 24 where

the experimental results of impulse tests with thin altuminum and lead

tergeta are presented. In these experiments the total forward momon-

tum delivered to the target structure and target spall system was

measured as a function of target thickness. For the lead targets,
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3.:2 km/see, Scale I projectiles were used; 5.0 am/sec, Scale II

pr-ojectiles were used in the aluminum tests since this was the only

ipact arrangement where excess momentum was observed.

The signifioant feature of this series of tests is the fact

ihiat he total forward momentum is essentially independent of tar-

gei thickness when the latter exceeds one to two times the projectile

laength. Since, on the basis of hydrodynamic considerations, these

r;alues roughly correspond to the primary penetration expected for

t'hose -target-projectile combbnationus the results indicate that the

sexcess momentum imparted to the target-spall system is derived during

tzhe hydrodynamic phase of the perforation process.

The practical implication of these observations is illustrated

A n figures 25 and 26 where the results of impulse studies in 2024-T3

tlumirnum targets at impact velocities of 3.2, 4.0, and 5.0 km/sec

tare sumarized. The ratio of target impulse to the initial projec-

-tile momentum is plotted as a function of target thickness in fig-

ure 25. It will be noted that only a small fraction (20 percent or

less) of the total forward momentum is absorbed by the target struc-

ture for target thickmess less than twice the projectile length.

The ratio of total spall momentum to the initial projectile

nomentum is plotted in figure 26 as a function of target thickness.

Those results emphasize the fact that a considerable portion of the

tot&l fornrard momentum is contained "n the target ojecta system
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for target thicknesses in excess of the depth of penetration expected

in the auni-infinite target configuration; for impacts at 5.0 Im/eec,

the value of spell momentum is greater than that of the impacting

projectile mdmentum for target thicknesses equal to or less than Pc

(crater depth in an infinite target)*

The framing camera technique has been used to obtain data rel-

ative to the velocity distribution of the individual ejects particles

as a function of target thickness for 3.2 lom/seo Sc--e I, 3.2 lm/sec

Scale i19 and 5,0 ];m/sec Scale II impacts on 2024-T3 aluminum targets.

The results of these experiments are presented in figures 27 through 29

where values of - which represent the percentage of the total
K AV

population lying in a velocity increment Av, are plotted as a function

of velocity for various target thicknesses.

The results indicate that for scaled systems (figures 27 and 28)

the velocity distributions are similar in that both the maximum spall

velocity.(intercepts with the velocity axis) and the maxima of the

curves (velocity corresponding to the maximum percentage of the total

number) nearly coincide.

The velocity distribution curves for different target thicknesses

impacted at 3.2 km/sec and 5.0 lo/sec show the expected shift in the

direction of lover velocity values as the target thickness is increased.

The distributions obtained in 3.2 km/sec and 5.0 km/sec Scale II tests

with 3/8 inch thick targets tend to show a bimodal form which probably



36

36

32

28

249 4 I
20-- 2 Projectile: 3.2 km/sec; cale I

Target MteIrall , 2024-T3 Aluminum
Target Thickness' 0-1/16 In.

0 -I/S In.
x - 3fl6 in.

04 06 1.2 .6 2.4 2.8

0.4 0.6 VELOCI Ykm/s€c2.

FIGURE 27.- Velocity Distribution of Target Ejecto from 3.2 km/sec Scale I Impacts,

36

32
Projectile: 3.2 km/sec; Scale II
Target Material. 2024-T3 Aluminum

28 Target Thickness: 0 - 1/8 in,
0 1/41n.

24 24- 3/8 in.
0,

. 20-

16

4

0 0.4 0.6 1.vE2 , k o2 •.0  2.4 2.8

FIGURE 28. -Velocity Distribution of Target Ejecto from 3.2 kmnsoc Scale 11 impacts.



3?

24

2

Projectile 15.0 km/see•; Scole II
Tovget Moterioli 2 2O4-T 3 AluminumS -1Terget Thicknoess$ - I/S In.

- 0o- 1/4 In.
* x- 3/S in.

11Z

0 0.4 0.8 1!2 . 20 2.4 2. 8, 3.2
VELOCITY, kmosec

FIGURE 29.- Velocity Distribution of Target Ejecto from 5.0km/sec Scale II Impacts.



38

arises fro i distinction between the velocities of the projectile

remnants (and/or target material driven through the perforation) and

spallation resulting from shook interaction at the free surface of

the target.

CONLUSIONS

The more important aspects of the thin plate perforation process

bave been investigated over the velocity range from 2 to 5 Io/sec.

Particular emphasis was placed on studying the spatial, mass, and ve-

locity distribution of rear surface ejects as the impact velocity,

projectile scale size, add the target thickness were varied. A

number of simple relationships have been established among these var-

iables. For the case of a nondeforming projectile, it has been shown

that residual projectile velocity and target impulse can be predicted

on the basis of a simple mathematical model.

The situation is much more complicated where the projectile is

seriously deformed. However, the observations relating to the be-

havior of the target ejecta system indicate the applicabiltty of a

simple-.shock-spallation model. Evidence for this comes from the pro-

jectile scale size experiments at 3.2 km/sec where it was found that

the mass of target material varied with the cube of the characteristic

projectile dimension while the total number of target particles gen-

erated varied with the square of the projectile dimension. The

formation and subsequent breakup or a back surface spall might lead



39

to these results if proposed spall scaling laws are valid (8). In

addition, the numiber of target particl.es is found to depend heavily

on target thickness, decreasing markedly as the target thickness is

increased. nothen'ore, for a given target thickness and projectile

scale size, the number of particles is found to increase with impact

velocity. This behavior suggests that the number of particles gen-

erated in any given impact situation Aepends primarily on the in-

tensity of the shock wave incident on the rear surface of the target.

The general behavior of the velocity distributions of the ejecte can

be described in these same terms.

Further evidence supporting the proposed spall model lies in

the observed insensitivity of the spatial distributions of the target

ejecta on any of the experimental parameters. Since the ratio of the

.radial and normal components of velocity of a given particle .would

depend heavily on the curvature of the impingin: shock wave (a slowly

varying function of the initial parameters) rather than the incident

shock strength (a rapidly varying finction of the initial parameters),

this observation is also compatible Arith the proposed model.
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